INTRODUCTION
Streptomyces spp. are notable for their ability to produce a wide range of secondary metabolites. These metabolites represent a class of natural products with diverse bio- Abbreviations: ACP, acyl carrier protein; ADS, amplified DNA sequence; AT, acyltransferase; AUD, amplifiable unit of DNA; FAS, fatty acid synthase; KR, ketoreductase; KS, ketoacyl synthase; PKS, polyketide synthase.
The EMBL accession number for the sequence reported in this paper is 24691 3. logical activities such as antibiotics? insecticides and chemotherapeutic agents (Demain e t al., 1983) .
Some secondary metabolic characteristics are genetically unstable and can mutate at a frequency greater than lop3. In Streptomyes ambofdciens, genetic instability affects pigmentation, aerial mycelium formation and antibiotic production (LebIond e t al., 1989; Volff e t al., 1993) . Genomic rearrangements such as deletions, often associated with large-scale DNA amplification, are correlated with genetic instability (Birch e t al., 1990; Leblond e t al., 1991) . The Streptomyes chromosomal DNA is linear (Lin etal., 1993; Lezhava etal., 1995; Leblond etal., 1996) , and both deletions and amplifications have been located in regions overlapping the chromosome ends (Leblond e t al., 1996; Redenbach e t al., 1993) .
B. AIGLE a n d O T H E R S
In S. ambofaciens DSM 40697, the 2000 kb unstable region contains two amplifiable loci, A U D 6 and AUD90 (Demuyter e t al., l988) , without well-defined functions. A chloramphenicol resistance determinant is located in an amplifiable and deletable region of Streptomyces liuidans 1326 (Dittrich e t al., 1991) . The unstable region of the Streptomycesglaucescens chromosome contains the melC and strS genes (Birch e t al., 1989) . Antibiotic biosynthesis and resistance genes are located within amplifiable units of DNA (AUDs) in some Streptomyes spp. (Potekhin & Danilenko, 1985 ; Hornemann e t al., 1987) , as is a mercury resistance determinant (Sedlmeier & Altenbuchner, 1992) . Schneider locus also contains two genes encoding products with about 30 % identity with different bacterial repressors (Aubert e t al., 1993) .
Mutants derived from S. ambofaciens RP181110 and amplified in the A UD90 locus show loss of the capacity to produce the macrolide antibiotic spiramycin (Spi-phenotype; Dary e t al., 1992) . The NSA205 strain contains an 89 kb amplified DNA sequence (ADS) (ADS.205) . Instability in its progeny is associated with amplifications resulting in the Spi-phenotype, in which the loss of ADS205 is accompanied by restoration of spiramycin production. Nevertheless, the spiramycin biosynthetic genes are not located in the unstable region of NSA205 (Dary e t al., 1993) , suggesting that ADS205 could contain a gene interfering with spiramycin biosynthesis.
Here, we demonstrate the presence of one very large ORF in AUD205. This ORF is transcribed and its predicted product shows homology with the products of genes for the synthesis of polyketide-derived portions of erythromycin in Saccharopohspora erythraea and of rapamycin in Streptomyces lygroscopicus (Donadio e t al., 1991 ; Schwecke e t al., 1995) .
METHODS
Bacterial strains and plasmids. S. ambofaciens RP181110 was derived from the ATCC 23877 strain (Pinnert-Sindico et al., 1955) . NSA205, a mutant derived from RP181110, has an 89 kb amplification (ADS204 in the AUD90 locus and is Spi- (Dary etal., 1992) . S. ambofaciens NSA97H, in which the AUD90 locus is totally deleted, is a spontaneous mutant of the DSM 40697 strain (Leblond et al., 1991) . Escbericbia coli SURE (Stratagene) was the host for cloning experiments.
The plasmids pOS15 and pOS17 ( Fig. 1) resulted from insertion into pIJ702 (Katz e t al., 1983 ) of 4.6 and 5.6 kb BamHI DNA fragments, respectively. These inserts come from adjacent segments of DNA in an ADS belonging to the AUD90 locus; in ADSZ05, the two segments are amplified. pBluescript I1 KS (Short et al., 1988) was purchased from Stratagene. The pKS2/M5 plasmid was kindly provided by C. R. Hutchinson. pI<S2/M5 is pUC19 with a 1.3 kb SmaI fragment from module 5 of the erythromycin eyAf11 polyketide synthase gene containing the second ketoacyl synthase (ICS) domain (Donadio e t al., 1991) . Fig. 7 . Restriction maps of plasmids pOS15 (a) and pOS17 (b). The narrow lines represent the plJ702 vector; the boxed regions represent the cloned AUD205 BarnHl fragments of 4.6 kb (pOS15) and 5.6 kb (pOS17). The black box in (a) identifies the 0.93 kb Sacl-BarnHI sequence containing the AT motif; in (b) it identifies the continuation of this sequence in pOS17. The shaded boxes in both (a) and (b) indicate regions homologous to the second KS domain of the Sacch. erythraea erythromycin eryA/// PKS gene.
Media and culture conditions. S. ambofaciens RP181110 was grown at 30 "C on Hickey Tresner (HT) agar (Pridham et a/., 1957) . Large-scale DNA isolation was carried out after 48 h growth of this strain at 30 O C with shaking at 200 r.p.m. in YEME liquid medium supplemented with 0.25 % glycine (Hopwood e t al., 1985) . E. coli SURE was grown at 37 O C in LB liquid medium (Maniatis et al., 1982) supplemented with tetracycline (12 pg ml-'), and with ampicillin (50 pg ml-l) when the strain contained pBluescript I1 KS.
For RNA isolations, pre-germination medium (Hopwood e t al., 1985) was inoculated with about lo7 c.f.u. spores ml-' and incubated for 90 min at 37 O C . The pre-germination spores were PI<S gene in the unstable region of 5'. ambofaciens then used to inoculate 200 ml MP5 medium (Pernodet et al., 1993) in 2 1 baffled shake flasks, which were incubated at 25 OC with shaking at 250 r.p.m. DNA preparation and restriction analysis. Total DNA of S. ambofaciens was prepared for Southern blots as described previously (Demuyter e t al., 1988) . S. ambofaciens and E. coli plasmid extractions and purifications were performed as described by Hopwood e t al. (1985) and Maniatis et al. (1982) .
Restriction enzymes were purchased from Boehringer Mannheim and New England Biolabs and used as recommended by the suppliers. DNA fragments were electrophoresed on agarose gels as described by Maniatis et a/. (1982) .
RNA isolation and manipulation. RNA was extracted from liquid cultures during exponential and stationary phases. The isolations were performed essentially as described by Guilfoile & Hutchinson (1992) except for the centrifugation conditions. After lysis of the cells, CsC1 was added to the lysates (2.4 g per 6 ml) ; the samples were layered over a 2.8 ml cushion of 5.7 M CsCl in 0.1 M EDTA, pH 7.5, and centrifuged in a Kontron TST41-14 rotor for 18 h at 29000 r.p.m. and 20 "C. Southern and Northern hybridizations. RNA samples (40 pg) were denaturated with glyoxal and fractionated by electrophoresis in non-denaturing agarose gels as described by Hopwood ef al. (1985) ; an RNA ladder (0.24-9.5 kb; Gibco BRL) and Hind111 digested lambda phage DNA were used as size markers. After electrophoresis, the gel was soaked for 20 min in 50 mM NaOH to partially hydrolyse the RNA and improve the efficiency of transfer. The gel was then rinsed in diethyl-pyrocarbonate-treated water and soaked for 45 min in 20 x SSC (1 x SSC is 0.15 M sodium chloride, 0.015 sodium citrate). The gel was blotted on Hybond nylon membranes (Amersham) with the Vacugene system (LKB).
Probes were labelled with [ c~-~~P ]~C T P using the Megaprime kit (Amersham). Prehybridizations, hybridizations and washes were as described by Demuyter et al. (1988) except that SSPE (3.0 M NaC1, 0.2 M NaH, PO,, 0.02 M Na, EDTA, pH 7.4) replaced SSC in the Northern hybrizations and washings. After hybridization, blots were washed at 65 "C (50 OC for the probe pKS2/M5) and exposed at -70 OC to X-ray film using two intensifying screens.
DNA sequencing and sequence analyses. The sequences were determined using the chain-termination method (as previously described by Schneider et al., 1993) with the TaqTrack sequencing kit (Promega) using 7-deaza-dGTP instead of dGTP. Products were analysed on 5 % (w/v) polyacrylamide/7 M urea gels. For sequencing, the fragments were cloned into pBluescript I1 KS. Nested deletions were carried out within the cloned fragment using a double-stranded nested deletion kit (Pharmacia).
Comparisons of nucleotide and amino acid sequences with the databases were performed by the BLAST network service (Altschul e t a/., 1990). Protein sequences were aligned with the CLUSTAL v program (Higgins & Sharp, 1988) and the dendrogram was constructed using the PAUP program (Swofford, 1991) .
RESULTS

Evidence of specific reiterations in AUD205
Hybridization of a BamHI digest of S. ambofaciens genomic DNA under high stringency conditions with a 14.6 k b fragment containing the 4.6 k b and 5.6 k b BamHI fragments of AUDZ05 as a probe revealed bands additional t o those corresponding t o the probe. W e first focused on identifying these reiterations. Total DNA of the RP181110 strain digested with BamHI and hybridized with pOS15 showed, in addition t o the 4-6 k b band, 12 other bands of various intensities (data n o t shown). Identical results were found with S. ambofaciens ATCC 23877, the ancestor of the RP181110 strain (Volff eta/., 1993) , as well as with S. ambofaciens DSM 40697 (data not shown). When total DNA of NSA97H, which has a 450 k b deletion that includes the AUD70 locus (Leblond e t a/., 1991), was hybridized with pOS15 as a probe, no signal was detected. Thus, the reiterations are located in the 450 k b segment of the unstable region deleted in this strain (data n o t shown). BamHI-digested total DNA of 1/1 31/11
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NSA205, a mutant showing an amplification in the
AUD205 locus, was also probed with pOS15 (Fig. 2a) .
The reiterations hybridized with amplified fragments, but some faint signals, different from the amplified fragments, were also detected. Fig, 2 (b) shows hybridization with the 0.66 kb SacI-SmaI fragment of pOS15. The faint signals detected could correspond to junction fragments after deletion. However, these faint signals could also result from a clonal heterogeneity. The largest fragment (> 23 kb) detected in RP181110 was absent in the NSA205 strain. This might have resulted from the deletion process preceding the amplification. The 9.4 kb signal wai given by two similarly sized amplified fragments (9-4 and 9.2 kb). The 9.2 kb BamHI fragment was not detected in the RP181110 digest and probably arose from the fragment created by tandem reiteration. The reiterations present in pOS15 are thus specific to the AUD205 locus.
Potential type I polyketide synthase (PKS) gene in AUD205
A 3596 bp region representing 1156 bp of the 4.6 kb BamHI fragment and 2440 bp of the adjacent 5.6 kb BamHI fragment, and including the 0.93 kb SacI-BamHI fragment of pOSl5 was sequenced (Fig. 3) . Its high G + C PI<S gene in the unstable region of S. amhofaciens and -identifies the amino acid motifs a t the start, active site and end of AT, KR and ACP domains, respectively. Underscoring with identifies the sequence defining the substrate specificity of AT domains.
content (75.2%) is in accord with the G + C content of Streptomyes genomes. Consistent with this, one of the reading frames, orfPS, shows a strong G + C bias (90%) in the third codon.
The deduced amino acid sequence of o r f l S shows significant sequence similarity to type I PKSs. These enzymes are large multifunctional proteins similar to the mammalian fatty acid synthases (FASs) and contain sets of enzyme activities catalysing successive rounds of elongation of the polyketide product. The highest similarities were to the type I PKSs for erythromycin and rapamycin synthesis in Sacch. eythraea (Cortes e t al., 1990; Donadio e t al., 1991) and S. bygroscopicus (Schwecke e t al., 1995) , respectively. The rapamycin PKS genes (rap), like those involved in erythromycin biosynthesis (ey) , are clustered and correspond to three ORFs, rapA (28.5 kb), rapB (34-5 kb) and rapC (20.8 kb), containing four, six and four modules, respectively, encoding FAS-like activities (Schwecke e t al., 1995) . The e y genes correspond to three 10 kb ORFs, e y A I , e y A I I and eyAI11, each including two modules (Donadio e t a] ., 1991). Homologies involve the KS, acyltransferase (AT), ketoreductase (KR) and acyl carrier protein (ACP) domains of these PKSs (Fig. 4) . The amino acid motif G,,TNAHVVLE,, is highly similar to the motif (GTNAHvIeE, upper case letters referring to invariant residues) considered to be the likely end of the KS domains . This implies that the first 71 aa of OrfPS represent the carboxy terminus of a KS domain. Consistent with this, the sequence shows 63-4 % and 74-6 % identity with the C-terminal part of KS domains encoded by module 5 of e y A I I 1 and module 11 of rapC, respectively. Hybridization of the 1.19 kb KpnI-Sac1 fragment of pOS15 with the e y A 1 I I fragment from pKS2/M5 (see Methods) as a probe detected homology in the region immediately upstream of the 0.93 kb SacI-BamHI fragment (Fig. la) , confirming the presence of the KS domain. Partial sequencing of the pOS15 insert from the KpnI site (in the opposite direction to the 0-93 kb Sad-BamHI fragment) showed that the region encoding the KS domain began immediately upstream of the KpnI site. That it ended a few nucleotides before the Sac1 site was shown by analysis of the 3596 bp SacI-BamHI sequence (Figs 3, 4) . The pKS2/M5 insert was used to probe pOS17, containing the cloned 5-6 kb BamHI fragment from S. ambofaciens RP181110 (Fig. 1 b) . Hybridization with the 1-9 kb KpnI-Sac1 fragment of pOS17 (data not shown) indicated that another KS domain was located downstream of the sequenced region. Hybridizations using this probe with BamHI-digested total DNA of RP181110 and NSA205 confirmed the reiteration of the KS domain (by detecting many signals in addition to those given by the 4-6 kb and 5.6 kb BamHI fragments), and showed that the reiterations were specific to the amplifiable region (data not shown). The results are consistent with the presence of type I polyketide genes. For comparison, the rap and e r y A loci contain 14 and 6 KS domains, respectively (Schwecke etal., 1995 ; Donadio e t al., 1991) . The adjacent AT domain would begin at the amino acid motif A,,,LLFSGQGSQR,,, and would end a few residues after the motif G,,,AEVDWSAV,,, . This domain showed 36.8 and 47.7 % identity with the AT domains encoded by module 5 of e y A I I I and module 11 of rapC, respectively. A large degree of sequence conservation was observed around the sequence G,,,HSxG,,, (x = any amino acid). This motif corresponds to the AT active site, S being the serine involved in forming the acyl-enzyme intermediate. The sequence upstream of the active site allowed us to predict the nature of the incorporated extender unit (see below). The 0.93 kb SacI-BamHI fragment contained a large part of the sequence encoding the A T domain (Fig. 3) ; since hybridization experiments with the reiteration as a probe showed seven signals in addition to those given by the 4.6 kb BamHI fragment (see Fig. 2b ), the AUD205 locus might contain at least eight A T domains. The amino acid motifs P,,,DGTVLV,,, and G965PW-DGGGM,,, might represent the start and the end of the KR domain, respectively, which showed 57-4 and 44-3 YO identity with the KR domains encoded by module 5 of eyA111 and module 11 of rapC, respectively. The extremities of the ACP domain were assigned, on the basis of data from , to the conserved motifs L,,,,AALSPVE,,,, and G,,,,LTLPATLV,,,,, the active site being defined by L,,,,GADS,,,,.
Identities of 47-8 and 57.9% were found with the ACPs from module 5 of e y A l I I and module 11 of rapC, respectively. These results predict that o r -S contains at least one PKS module encoding domains in the order KS-AT-KR-ACP. This organization is consistent with that of most modules in the PKSs for biosynthesis of erythromycin and rapamycin, the exceptions being modules containing dehydratase (DH) and/or enoyl reductase (ER) domains. The presence of a KS domain downstream of the sequenced region suggests that a second PKS module is also present.
Substrate specificity of the AT domain
Haydock e t al. (1995) compared the amino acid sequences of a large number of type I PKS AT domains catalysing the transfer of acyl-CoA esters onto ACP. A 20 aa motif, located 11 residues upstream of the active site (GHSxG) is particularly valuable for predicting the AT specificity. This motif, present in the OrfPS A T sequence (Fig. 4) , shows an excellent match to one of the seven AT domains thought to incorporate acetate units in the rapamycinproducing PICS of 3. bygroscopiczs (Haydock etal., 1995) . It differs from the sequence of the A T domains of the rapamycin and erythromycin PKSs responsible for the incorporation of propionate units (data not shown). The entire AT domain of OrfPS is compared with those of Rap and EryA proteins in Fig. 5 . The dendrogram is similar to that of Schwecke etal. (1995) , and shows clearly that the AT domain of A UD205 is closely related to rapC module 14 catalysing the transacylation reaction between malonyl-CoA and ACP, and more generally to the AT domains incorporating acetate. Thus, the OrfPS AT domain may specifically use acetate as a substrate.
Transcriptional analysis
To investigate o r -S transcription, total RNAs were extracted from S. ambofaciens RP181110 and NSA205 after 37 h (rapid growth phase) and 68 h (stationary phase) of culture. Dot-blots of stationary-phase RNAs revealed transcription of o r P S in RP181110, and showed a higher PIG gene in the unstable region of 5'. ambofaciens (1995) . EryAT load is the domain that loads the starter unit from propionyl-CoA in the erythromycin PKS (Donadio et a/., 1991) . The dendrogram is produced by unordered character state parsimony using the PAUP program (Swofford, 1991) and a Heuristic algorithm to find the shortest tree. The amino acid sequences were aligned beforehand using the CLUSTAL v program (Higgins & Sharp, 1988) . The numbers correspond to the percentage of support for individual nodes on the consensus tree based on 100 bootstrapped runs. Only bootstrapped values greater than 50 % are indicated. The length of the bar corresponds to 10 changes.
level of transcription in NSA205 compared with RP181110 and a NSA205-derived, de-amplified mutant (data not shown). RNAs were then subjected to Northern analysis with the pOS15 0.66 kb SacI-SmaI fragment as a probe (Fig. 6) . A 25 kb signal, corresponding to a very large RNA for bacteria, was detected in both 37 and 68 h cells, suggesting transcription of or-S during rapid growth and stationary phases in RP181110 and NSA205. The signal persisted in DNase-treated samples, and at both sampling times was much stronger in NSA205 than in RP181110. Two other bands of about 2.9 kb and 1-9 kb were also detected. These might correspond to transcripts 282 1 of a sequence homologous to the AT motif, but they might also represent two degradation products.
DISCUSSION
The above results provide evidence of at least two reiterated sequences specific to A UD205, an amplifiable and deletable locus of S. ambofaciens RP181110. Analysis of a 3596 bp sequence that included one reiteration showed the presence of an incomplete ORF (orjPS). Northern blot hybridization demonstrated that o r -S is transcribed as a large unit. Together with other studies (Schneider e t al., 1993; Aubert e t al., 1993) , these results confirm the presence of many actively transcribed genes in the unstable region of the S. ambofaciens RP181110 genome.
Protein database comparisons suggest that o r -S might encode a type I PIG similar to the PKSs involved in rapamycin biosynthesis in S. hygroscopicus (Schwecke e t a/., 1995) and erythromycin biosynthesis in Sacch. eythraea (Donadio e t al., 1991 (Donadio etal., 1991) , and the rapA, rapB and rapC genes of S. hgroscopicm extend over 28*5,34*5 and 20.8 kb, respectively (Schwecke e t a/. , 1995). Several other large, type I PKS genes have been described, including srmG (at least 1 1 kb), responsible for spiramycin biosynthesis in S. anzhofaciens (Geistlich e t al., 1992) . Furthermore, the transcripts might be polycistronic. Donadio e t al. (1992) suggested that the three genes of the eyA complex could lie on the same transcriptional unit, estimated at 30 kb. Consequently, or$PS might be a very large gene similar in size to the rap genes, or it might be transcribed as a polycistronic RNA.
orPS was transcribed in both RP181110 and NSA205 strains during the stationary phase and, more surprisingly, during the rapid growth phase under the conditions used. The KS involved in the synthesis of the polyketide portion of tetracenomycin C in J'. glaztcescens is detected only in stationary-phase cultures (Gramajo e t al., 1991) , but concern directly the protein and not the RNA. Nevertheless, the biosynthetic structural genes for the polyketide antibiotic actinorhodin are transcribed only during the transition from exponential to stationary phase and during early stationary phase in .StreptomJyces coelicolor A3(2) (Gramajo e t a/., 1993) .
Polyketide-derived compounds include a wide variety of natural products including pigments as well as antibiotics (for a review, see Hopwood & Sherman, l990), but although AUD205 might contain genes involved in pigmentation, the PIiSs catalysing the synthesis of polyketide-derived s trep tomycete pigments (Davis & Chater, 1990; Blanco e t al., 1992) belong to the type I1 family (multi-enzyme complexes formed by several polypeptides with individual enzymic activities). Moreover, whilst the whiE locus hybridizes with the chromosome of S. ambofaciens ATCC23877, the homologous whiE sequence is not located in the A UD90 region, equivalent to the AUD205 locus (data not shown). A type I PKS is responsible for the Aspergillzis niddans conidial wall pigment (Mayorga & Timberlake, 1992) . However, no clear correlation was found between pigmentation and genomic rearrangements in the unstable region of the RP181110-derived mutants. In the ATCC 23877 strain, some mutants are unpigmented but no rearrangements in the A UD90 region were detected by hybridization (Volff e t al., 1993) . Thus, urfPS probably does not encode a pigment PKS. Donadio e t al. (1991) suggested that the macrolide polyketide biosynthesis genes are organized in modules as in eVA, since all these genes contain repeated units. Spiramycin, produced by S. ambofaciens RP181110, belongs to this antibiotic family and the polyketide portion is synthesized by a PIC3 encoded by srmG (Richardson e t a/., 1990) . Dary e t a/. (1993) demonstrated that the spiramycin biosynthesis genes are not located in the AUD205 region and srmG is located outside the unstable region (P. Leblond, personal communication) .
Thus, o r -S is not directly responsible for spiramycin biosynthesis and does not correspond to srmG.
Nevertheless, AUDZ05 plays a role in spiramycin production: amplification of this locus results in a loss of antibiotic synthesis and spontaneous deamplification restores spiramycin production (Dary e t al., 1992) . One explanation for this would be the involvement of at least one gene present on ADS205 in this non-producing phenotype. Since AUD205 amplification leads to o r -S overtranscription, the or-J-encoded protein might be overproduced and compete for spiramycin pathway substrates. The polyketide portion of spiramycin is synthesized by condensation of short-chain carbon units, including acetate. The OrfPS AT domain clearly resembles AT domains thought to incorporate acetate units (Haydock e t al., 1995) . This result strengthens our hypothesis : in liquid medium, antibiotic biosynthesis occurs either during stationary phase or at low growth rates (Demain e t a/., 1983) . Since o r -S is overtranscribed during the rapid growth phase in the amplified NSA205, OrfP S might divert precursors necessary for spiramycin production. or$PS is not overtranscribed in a NSA205-derived, de-amplified, spiramycin-producing mutant. In this mutant, and in the parental RP181110 strain, OrfPS would be present in much lower quantities than in NSA205 and would not divert precursors from the spiramycin pathway.
However, we cannot exclude the possible involvement of OrfP S in fatty acid biosynthesis. Many similarities exist between type I PKS and type I FAS (Cortes e t a] ., 1990; Donadio e t al., 1991) .
